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Resumen (Cuantificación de un nuevo index de diversidad hídrica para grandes áreas con SIG: ejemplos en lo estado del 
Paraná, en la cuenca del rio Xingú (Brasil) y en Portugal): Se presenta un método para la evaluación cuantitativa de la diver-
sidad de recursos hídricos en grandes áreas, con los ejemplos del estado de Paraná (Brasil), de la Cuenca del rio Xingú (Brasil) y 
de Portugal continental. En la mayoría de las propuestas metodológicas para evaluación de la geodiversidad, la diversidad hidro-
lógica respecta a las características de la hidrografía, en relación con la diversidad de geoformas fluviales. Este trabajo pretende 
contribuir al inclusión de recursos hídricos como un elemento significativo en metodologías de evaluación de la geodiversidad, 
incluyendo tanto las aguas superficiales y aguas subterráneas. El uso de procedimientos de SIG demuestra que estas técnicas 
pueden ser utilizados para acelerar el cálculo de los índices de diversidad y su representación cartográfica. 
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INTRODUCTION 
 
Geodiversity is defined as the natural range (diversi-
ty) of geological (rocks, minerals, fossils), geomor-
phological (landforms, topography, physical process-
es), soil and hydrological features. It includes their 
assemblages, structures, systems and contributions 
to landscape (Gray, 2013).  
 
Water features are therefore elements of geodiversi-
ty, being a very important agent in geological and 
biological processes and evolution. Their quantitative 
assessment has a special importance in the scope of 
the hydrological diversity and some special hydrolog-
ical features may be considered as geological herit-
age (Simić, 2011; Cruz et al., 2013). 
 
Besides, water is a vital resource for human activities 
and survival. It must be understood as an environ-
mental and social asset, an economical resource and 
a matter of extreme importance for all societies. 
Water resources management is a technical subject 
and also a political topic since water needs can lead 
to different ambitions by different factions evolving 
priority decisions and conflicts. 
 
The quantitative assessments of water resources and 
of their diversity along a large territory constitute the 
basis for the knowledge of regional issues concern-
ing water needs, flood and droughts events and even 
engineering solutions for water resources manage-
ment. 
 
To be accepted as a useful tool, diversity must be 
assessed according to objective methodologies in 
order to be used for nature conservation and land-
use planning, as biodiversity currently is. Common 
geological, geomorphological, soil or hydrographical 
maps are important in qualitative, but not in quantita-
tive diversity assessment. In addition, as technical 
documents, they are difficult to read for non-
specialists, thus limiting their use in routine planning 
(Pereira et al., 2013).  
 
In most methodological proposals to geodiversity 
assessment, hydrological diversity is mainly connect-
ed with hydrography features, in relation with fluvial 
landforms diversity. Thus, one should debate which 
water features to include in geodiversity assessment 
procedures, enhancing both surface water resources 
more connected with geomorphological diversity and 
ground water as an essential component of water 
resources (Winter et al., 1998). 
 
The hydrological diversity assessment in three large 
areas is presented, with the methods and results of 
the cases of Paraná State (Brazil), Xingu River Basin 
(Brazil) and Portugal mainland. 
. 
 
METHODS AND STUDY AREAS 
 
The hydrological diversity was assessed in the scope 
of a broader geodiversity assessment. The work 
followed a methodology based on the counting of 
different occurrences by territory portions (cells), 
using cartographical data and GIS procedures analy-
sis. It intends to express, in the most balanced way 
possible, all geodiversity elements without emphasiz-
ing any particular one, as was noted to occur in pre-
vious studies (Carcavilla et al., 2007; Serrano and 
Ruiz-Flaño 2007; Benito-Calvo et al., 2009; Hjort and 
Luoto, 2010).  
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The method was initially tested on the Paraná State, 
located in southern Brazil, with an area of 199,570 
km2 (Pereira et al., 2013). In this approach, the geo-
diversity index results from the sum of the following 
five partial indexes: i) lithological; ii) geomorphologi-
cal; iii) paleontological; iv) pedological; v) mineral 
occurrences.  
 
The procedure consists in the overlay of a grid over 
geological (MINEROPAR, 2006a), geomorphological 
(MINEROPAR, 2006b; Santos et al., 2009), paleonto-
logical (MINEROPAR, 2006a) and soils maps 
(Bhering and Santos, 2008), with scales ranging from 
1/650,000 to 1/500,000. Besides these, other maps 
provided information regarding occurrences of pre-
cious stones and metals, industrial metals and min-
erals, geological energy sources such as coal, oil, 
gas and uranium, and sources of mineral waters and 
springs. A cell-size of 25x25 km was defined result-
ing in 371-cell grid covering all the state area. 
 
Water features were considered under the form of 
the Hydrographical sub-index, which is included in 
the geomorphological index, taking into account the 
influence of hydrological features on geomorphology. 
The Hydrographical sub-index is based on the as-
sessment of the 1/650,000 scale geomorphological 
units map (MINEROPAR 2006b) using Strahler’s 
system of stream ordering (Strahler, 1952, 1957).  
 
According to this system, the lowest hierarchy level is 
assigned to minor rivers represented on the map, 
while the highest value of 5 is conferred on major 
rivers, such as the Paraná River on the Brazil-
Paraguay border, as well as lakes and coastal areas. 
To large tributaries like Paranapanema and Iguaçu 
rivers intermediate values were assigned. The value 
of the Hydrographical sub-index is calculated as half 
of the maximum hierarchical level of the rivers occur-
ring in each square, rounded up to the nearest unit 
(Fig. 1). Accordingly, a score of 3 (5/2 = 2.5 ≅ 3) is 
given to squares containing major rivers, lakes, and 
coastal areas, of 2 (4/2 = 2; 3/2 = 1.5 ≅ 2) to squares 
containing mid-sized rivers, and of 1 (2/2 = 1; 1/½  = 
0.5 ≅ 1) to squares with minor rivers. A score of 0 is 
assigned to squares, in which no hydrological ele-
ments are represented. 
 
Few changes to this method were made for the cal-
culation of geodiversity indexes and the production of 
the Geodiversity Map of the Xingu Basin, Amazon, 
Brazil, with an area of about 511,000 km2 (Silva et 
al., 2013, 2014). The Xingu River is approximately 
2600 km long and is a southwest tributary of the 
Amazon River. Around 60% (305,000 km2) of this 
area comprises 28 Indian territories and 18 conserva-
tion units – an area legally protected from deforesta-
tion. The analysis was supported by geological and 
geomorphological maps at 1/250,000 scale and by a 
soil map at 1/1,000,000 scale. 
 
The most relevant upgrade respect to the use of 
ESRI ArcGIS© software for counting the geodiversity 
occurrences, the indexes calculation and the auto-
matically generated polygon map, drawn over a 
2462-cell grid with a cell-size of 13.8 x 13.8 km.  
 
The values for river hierarchy were automatically 
inserted into the hydrography attribute table with the 
value of the river with the greatest order assigned 
given to each square (Fig. 2). 
 
The same methodological approach is being applied 
in Portugal mainland that covers an area of 89,000 
km2 with modifications being introduced, namely: 
introduction of a rectangular shaped (16x10 km) 612-
cell grid in order to obtain a relation between the 
geodiversity index and the most popular mapping 
coverage of Portugal mainland, at 1/25,000 scale; 
because partial indexes may have very different 
ranges, these were normalized to a maximum of 1 
point, in order to attribute the same weight to all sub-
indexes in the final value regarding geodiversity; 
Geomorphological Index calculation is now based 
only in the diversity of geomorphological units, with 
the subtraction of the hydrographical sub-index; 
Hydrographical features are therefore included in the 
new Hydrological Index, which results from the anal-
ysis of rainfall and runoff data, drainage density and 
stream ordering, aquifer productivity and natural and 
artificial water reservoir occurrences (Fig. 3).  
 
 
Fig. 1: Example of the Hydrographical sub-index as-
sessment in a 25 X 25 km cell-size grid overlaid on the 
geomorphological units map of Paraná State (Pereira et 
al., 2013): squares F15 and G15 score 2 points; F16 
and G16 score 1 point (see text for further information). 
 
 
 
Fig. 2: Example of the Hydrographical sub-index as-
sessment in a 13.8 X 13.8 km cell-size grid overlaid on 
the hydrography map of Xingu River basin (Silva et al. 
2013, 2014): the value assigned to each cell was river 
hierarchy/2, rounded up to the upwards unit (e.g. 5/2 = 
2.5, therefore, the resulting score was 3). 
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Like before, this assessment is based in a set of pre-
existent official maps (rainfall, runoff, and aquifer 
systems productivity). It also considers operations 
over hydrography maps and the Digital Elevation 
Model (DEM) to determine drainage density, water 
coverage and stream ordering. 
 
 
RESULTS AND DISCUSSION 
 
The methodology for geodiversity quantification and 
mapping is based on cartographic data concerning 
geology, geomorphology, palaeontology, soils, water, 
and mineral and energy sources occurrences. There-
fore, scale selection, legend level, and grid-size are 
essential aspects, with each of the geodiversity ele-
ments being assessed to avoid overrating any partic-
ular component, such as lithology or relief. In the 
three cases, various grid sizes were tested in order to 
obtain the best balance between results discrimina-
tion and the number of cells. The cartographic 
scales, legend levels, and grid size chosen revealed 
to be appropriate, providing a clear distinction of 
values for the various indices.  
 
The Geodiversity Index score of each grid square is 
the sum of all the previously outlined partial indices. 
A Geodiversity Index map (and also partial indices 
maps) can therefore be produced through contour 
lines that join squares sharing the same geodiversity 
values. 
 
Specifically regarding the hydrological component, it 
was considered under the form of the Hydrographical 
sub-index in Paraná State and Xingu River basin 
analysis. In these cases, that component only con-
sidered the stream ordering analysis, being included 
in the Geomorphological index, taking into account 
the influence of hydrological features on geomor-
phology. Therefore, the Geomorphological Index 
values range widely, wherein the highest values are 
near large rivers due to the fact that the Hydrograph-
ical sub-index was based on fluvial hierarchy. 
 
Nevertheless, the use of GIS procedures in the Xingu 
River basin analysis demonstrates that these tech-
niques can be used to speed-up the calculation of the 
partial indices and its cartographic representation. 
Through the use of these techniques, geodiversity 
maps can then be produced for large territories if 
solid and official mapping is available. 
 
The application of the methodology to Portugal main-
land highlights the identical weight of the partial in-
dexes for the calculation of the geodiversity index. 
Besides, in this new approach, the geodiversity index 
results from the sum of six partial indexes (lithologi-
cal, geomorphological, paleontological, pedological, 
mineral occurrences, and hydrological) and theoreti-
cally each of the 612 cells may achieve 6 points of 
maximum value. 
 
These new proposal aims to contribute to the inclu-
sion of hydrological features as a significant item in 
geodiversity assessment methodologies rather than 
be only considered in geomorphological diversity. 
Consequently, the geodiversity assessment becomes 
more complete, including both surface water and 
ground water, in a water resources perspective. 
 
The hydrological diversity in Portugal reveals the high 
geological diversity, in general, and mostly the climat-
ic disparities within the territory. Even being a small 
country, Portugal presents big differences in rainfall 
values, with the north and coastal areas more influ-
enced by the Atlantic atmospheric circulation.   
 
The comparison of results from the presented cases 
reflects the need to complete the assessment with 
more hydrographical features in Portugal and more 
hydrological data in the Brazilian territories. The 
Hydrographical sub-index (within the Geomorpholog-
ical index) was not used, revealing particularly diffi-
cult to quantify attending to the fact of the larger 
Portuguese basins constitute the downstream sec-
tors of the Iberian basins. 
 
Hydrological diversity maps can combine information 
that is usually scattered across multiple sources 
allowing an easy understanding by non-earth science 
experts. Such tools can then be used in land-use 
planning, nature conservation, natural hazards and 
water resources management. 
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Fig. 3: Example of the Hydrological Index assessment 
in a 16 X 10 km cell-size grid overlaid on the Digital 
Elevation Model (DEM) of Portugal mainland: R - rainfall 
(annual, in mm); E - runoff (annual, in mm); DD - drain-
age density (km per km2); S - stream ordering (highest 
hierarchy value, according to Strahler method); A - 
aquifer productivity (m3/ [day-km2]); W - water surfaces 
(larger than 10,000 m2). The values are subsequently 
interpolated and normalized to a maximum value of 1.0, 
according to the maximum values for each hydrological 
feature under analysis, with the Hydrological Index 
being the average of these normalized values. 
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